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3D characterization of CdSe nanoparticles attached to carbon nanotubes
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The crystallographic structure of CdSe nanoparticles attached to carbon nanotubes has been
elucidated by means of high resolution transmission electron microscopy and high angle annular
dark field scanning transmission electron microscopy tomography. CdSe rod-like nanoparticles,
grown in solution together with carbon nanotubes, undergo a morphological transformation and
become attached to the carbon surface. Electron tomography reveals that the nanoparticles are
hexagonal-based with the (001) planes epitaxially matched to the outer graphene layer.
The integration of semiconductor nanoparticles and
nanoparticle-nanotube composites in solar cells and pho-
tovoltaics continues to attract great interest [1-9]. The
combined properties of light harvesting nanoparticles to-
gether with the high conductivity of carbon nanotubes
(CNTs) can lead to improvements in the efficiency of
photoelectric devices [10,11]. Well-established synthe-
sis methods developed over the last few years allow the
growth of a wide variety of semiconductor nanoparti-
cles with tunable optical properties; examples for effi-
cient light harvesting material in the form of nanopar-
ticles are InP [12], PbS [13,14], CdTe [15], and CdSe
[16-18]. The hot injection method [19] has demonstrated
its versatility to grow nanoparticles with controlled size
and shape. The huge variety of shapes range from nano-
dots and nano-rods to nano-stars and nano-tetrapods of
one or combined materials. Crystallographic facets of
nanoparticles exhibit different reactivity mainly due to
the surface morphology and the presence (or absence)
of organic ligands capping them [20]. This asymmetry
has been used not only to grow anisotropic nanoparti-
cles [21,22] but also to bind metallic or semiconductor
nanoparticles [23] or oxides [24] as well as the combina-
tion of several semiconductors [18,25,26] on specific sites.
Furthermore, the successful doping of nanoparticles has
been explained in terms of dopant adhesion to specific
facets [27]. This selectivity underlines the importance
of elucidating the crystallographic shape of nanoparti-
cles to further understand their reactivity. By means of
the hot injection method we demonstrated the possibil-
ity to combine nanoparticles with carbon nanotubes. In
previous work we described the transformation of rod-
like CdSe nanoparticles in a trioctylphosphonic oxide
(TOPO)-octadecylphosphonic acid (ODPA) mixture in
the presence of both single- and multiwall CNTs [28].
The rod-like nanoparticles obtained at early stages of the
reaction undergo a morphological transformation upon
interaction with the sp2 hybridized carbon lattice and are
seen to bond to the nanotube. Here, we present a detailed
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investigation of the 3D morphology of CdSe nanoparti-
cles and how they bind to carbon nanotubes. We em-
ploy high resolution transmission electron microscopy
(HREM) and electron tomography to elucidate the struc-
tural properties of the composites in three dimensions.
Previously, electron tomography has been employed to
determine the spatial distribution of nanoparticles in-
side multiwall CNTs [29] or to study the influence of
metallic nanoparticles on the mechanical properties of
the CNTs surface [30]. In this work, we used this tech-
nique to elucidate the shape of nanoparticles attached
to carbon nanotubes. The nanoparticles are dihexago-
nal pyramids [31] (in this context usually denominated
bullet-shaped [13,32,33]) with the (001) planes bonded to
the (002) graphitic planes of the nanotubes. The shape
evolution was also confirmed by the corresponding opti-
cal absorption measurements.
FIG. 1: (a) CdSe rod-like nanoparticles and carbon nanotubes
obtained after 1 hour of reaction. (b) A higher magnification
image shows a gap in the nanotube-nanoparticle interface cor-
responding to the length of the ligand molecules. (c) Shape
transformed nanoparticles in direct contact to singlewall car-
bon nanotubes and (d) to a multiwall carbon nanotube.
The development of the nanoparticles is shown in Fig-
ure 1 in which a series of bright field electron micro-
2FIG. 2: (a) Evolution of the absorption spectrum of CdSe
nanoparticles obtained in the presence of 0.6 mg of singlewall
CNTs at different times after 1 h, 20 h, and 60 h. (b) Ab-
sorption spectra of CdSe-CNT composites along with that of
CdSe nanoparticles after 60 h. Images on the right side show
the particles after 1 h, 20 h, and 60 h. Width of the images
is 150 nm.
graphs are representative of the different stages of evo-
lution. Figure 1a shows CdSe rod-like nanoparticles to-
gether with CNTs after 1 hour of reaction. Nanoparticles
arrange around the CNTs due to the drying process of
the solvent on the grid. They are separated by about
2 nm, a distance in good agreement with the length of
the capping ligands: ODPA and TOP (Figure 1b). It is
known that CdSe rod-like nanoparticles grow preferen-
tially parallel to the c-axis with alternating close-packed
layers of Cd and Se. Figure 1c and 1d, depict particles
obtained after the reaction at 245◦C on singlewall (after
20 h) and multiwall carbon nanotubes (after 60 h), re-
spectively. A shape transformation is seen from rods to
pyramids and bonding to the nanotube surface is appar-
ent. We observe a faster transformation and attachment
in single than in multiwall CNTs what can be attributed
to the stronger graphitic curvature of singlewall type. Af-
ter the transformation and attachment, the distance of
about 2 nm between the nanoparticles and the CNTs can
not be observed. As previously reported, the shape trans-
formation is triggered by an etching process of ODPA on
Cd sites followed by a consequent release of Se to bal-
ance the crystal stoichiometry. In this case, the particles
are sitting with the basal plane epitaxially arranged on
the graphitic surface of the nanotubes. Whether exclu-
sively van der Waals forces between alkyl chains of the
ligands (ODPA, TOPO) are involved in the interaction,
cannot be resolved at the present stage of our studies.
The broadening of the G-peak in the Raman response
addressed in a previous work [28] suggested a possible
charge transfer between the nanoparticles and the nan-
otubes. Thus, an electrostatic interaction between the
(probably poor or non-capped) (001) facet and the car-
bon nanotube lattice is plausible. The nanoparticles can
be removed out of the nanotubes by treatment in thiols
or pyridine (what suggest a Cd (001) terminated facet
rather than a Se one). The proposed mechanism of at-
tachment is described in Reference [28].
Once the reaction is completed, the particles in con-
tact with CNTs and the particles that remain in solution
have similar shapes. Since CdSe-CNT composites precip-
itate naturally in toluene, they can be easily separated
from the nanoparticles by centrifugation. The tempo-
ral evolution of the particles kept in suspension (not in
contact with the CNTs) and the CdSe-CNTs composites
was followed by means of absorption spectroscopy. Fig-
ure 2a shows the evolution of the absorption spectrum
of the nanoparticles along with the corresponding TEM
images for particles obtained after 1 h, 20 h, and 60 h.
The spectrum of the nanoparticles red shifts as a result
of particle growth. After 1 h, the nanorods have an av-
erage length of 21 nm and are 5 nm in width. The first
transition shifts from a wavelength of 617 nm for parti-
cles obtained after 1 h to 662 nm for particles obtained
after 20 h. The nanoparticle dimensions after this time
do not vary significantly in length. However the rods are
wider, according to a 1D/2D growing regime [17]. Af-
ter 60 h, the nanoparticles are pyramidal-shaped and the
size distribution broadens. The well-defined absorption
peaks (especially the first transition) become smoother
and closer to the bulk response for larger and/or more
polydispersed particles. The size distribution becomes
wider with time as a consequence of Ostwald ripening
[34] occurring near equilibrium conditions, leading to the
growth of larger particles at the expense of smaller ones.
The absorption spectrum of nanoparticles after 60 h of
reaction is compared with that of the composite CdSe-
CNT in Figure 2b. Singlewall CNTs bear clear absorp-
tion peaks between 1000 and 1600 nm which are asso-
ciated with the first dipole active exciton (E11) and in
the range between 500 and 1000 nm which are associated
with the second dipole active exciton (E22) of semicon-
ducting CNTs [35]. The spectrum of the composite also
shows the absorption edge of the semiconducting CdSe
nanoparticles at 670 nm, a value in good agreement with
the absorption edge of the nanoparticles not in contact
to CNTs. In previous work [28], the direct comparison
of the nanotubes spectra before and after the nanoparti-
cles attachment showed not significant deviation neither
in peak intensities nor in spectral shifts.
The powder X-Ray diffraction (XRD) pattern of the
CdSe-CNTs composites is depicted in Figure 3 along with
the calculated pattern intensities of bulk CdSe (wurtzite)
for comparison [36]. The diffraction pattern shows well-
resolved sharp diffraction peaks. Rod-like nanoparticles
with the wurtzite structure are distinguished by a sharp
3FIG. 3: XRD pattern of CdSe nanoparticles attached to sin-
glewall CNTs. Dashed lines indicate calculated pattern inten-
sities for bulk wurtzite CdSe.
(002) peak, which results from the preferential growth
of the c-axis of the wurtzite lattice. The crystalline lat-
tice from the transformed, attached, pyramidal-shaped
nanoparticles remains hexagonal with a more intense
(002) peak (compared to the bulk). The same result
is obtained for composites involving different types of
CNTs (multiwall or singlewall, regardless of the source).
The presence of zinc blende stacking faults along the
[001] direction would affect the intensity and width of
reflections present in the wurtzite pattern. Broadening
of the (103) reflection and the drastic decrease in the
(102) reflection have been observed for small nanopar-
ticles (< 11 nm) [37]. A comparison of the intensities
of the bulk CdSe pattern and the experimental spectrum
depicted in Figure 3, and those shown elsewhere [37], sug-
gest the possibility of this kind of defect being present in
the sample.
High angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) tomogra-
phy studies were performed to ascertain the three-
dimensional geometry of the attached nanocrystals
[38,39]. The data for electron tomography were collected
by tilting the specimen about a single axis with respect
to the electron beam. Figure 4 shows three HAADF-
STEM images acquired in an early stage of the tomo-
graphic acquisition process at -60◦, 0◦, and +70◦ respec-
tively in which it can clearly be seen that the base of
the pyramidal-shaped CdSe nanoparticles attached to the
carbon nanotubes is hexagonal.
FIG. 4: STEM-HAADF images acquired at different tilt an-
gles showing the hexagonal base of the CdSe particles.
FIG. 5: (a) HRTEM image of a CdSe particle in [001] di-
rection and (b) [010] direction. Note the asymmetry of the
pyramidal shape. (c) and (d) show the corresponding power
spectra of (a) and (b) respectively. (e) shows a Fourier fil-
tered image of (b) to enhance the zinc blende stacking faults
(highlighted with arrows in (b) and (e)).
Figures 5a and 5b show HRTEM images of these
4FIG. 6: Mutually perpendicular slices through the recon-
structed tomogram. (a) and (b) show the symmetrical dis-
tribution of the particles on each side of the nanotube. (c)
Depicts the hexagonal shape of the base of the pyramids (high-
lighted underneath each particle), together with a change in
the orientation between particles 1 and 2 and 3 to 5.
hexagonal-based pyramids in plan-view and cross-section
respectively, together with the power spectra obtained
from these images (5c and 5d correspondingly). Interpla-
nar spacings and angles measured in the FTs correspond
to the hexagonal wurtzite structure of CdSe viewed in the
[001] (Figure 5a and 5c) and [010] (Figure 5b and 5d) di-
rections. This observation indicates that the (001) planes
of the wurtzite structure are in contact with the carbon
nanotube, growing parallel to the graphite layers. Nev-
ertheless, although the power spectrum can be initially
indexed as corresponding to the wurtzite structure, close
inspection of the image depicted in Figure 5d, shows lo-
cal changes in the structure, indicated by arrows. This
kind of defect has been previously described for CdSe
[37,40,41], and is formed by the growth of CdSe with a
cubic zinc-blende structure. In these zinc-blende layers
oriented in the [011] direction, the characteristic zigzag
structure of the wurtzite seen in the [010] direction is not
present. Fourier filtering of Figure 5b allows the regions
of zinc blende structure to be visualized more easily in
Figure 5e. To complete the characterization of the three-
dimensional shape of the nanoparticles and their distribu-
tion over the carbon nanotube, a tomographic tilt series
of HAADF-STEM images was acquired. Figure 6 shows
slices from three perpendicular orientations through the
tomographic reconstruction. The carbon nanotube is not
visible in the reconstruction due to its low intensity com-
pared to the CdSe nanoparticles. The symmetrical dis-
tribution of the CdSe nanoparticles on each side of the
carbon nanotube can be seen clearly in both Figure 6a
and Figure 6b. The cross sections of most of the par-
ticles displayed in Figure 6a show an asymmetry of the
pyramidal shape, which was also present in the particle
shown in projection in Figure 5b. The shape of the base
of the pyramids, highlighted in Figure 6c, is very close to
a regular hexagon but slightly distorted in most of the
particles. This deformation, consisting of an elongation
approximately parallel to the carbon nanotube axis, is
not produced by the missing wedge artefact arising from
the tomographic reconstruction (related to the limited
tilt range), as this would elongate features in the per-
pendicular direction [42]. Instead, this elongation can be
explained as a consequence of the epitaxial ordering of
the CdSe nanocrystals with the hexagonal periodicity of
the graphite surface of the nanotubes, as shown in the
Figure 7. This matching, previously described for CdS
crystals grown over graphite [43], could be responsible,
at an initial stage, for the stabilization of the planes on
the surface of the nanotube. This leads to particles with
a wider basal plane than those of a rod-like nanoparti-
cle. The particular shape of the nanotube could favour
a higher growth rate ought to coherent interaction of the
surfaces. Figure 6c shows the orientation of the parti-
cles is slightly tilted respect the tube axis, which could
be related with the chiral vector of the outer wall of the
nanotube. It can also be noticed a change in the angle
of the tilt previously mentioned between particles 1 and
2, on the left hand side of Figure 6c, and particles 3 to
5, on the right. This could be explained by a change
in the chirality of the nanotube wall possibly related to
the bonding of CdSe nanoparticles to both sides of the
nanotube; further studies are needed to confirm this.
A surface-rendered tomographic reconstruction of a
CdSe nanoparticle is shown in Figure 8a together with
the proposed ideal model for the morphology of these
nanoparticles viewed in two different orientations (Fig-
ure 8b and 8c). This proposed morphology is a best
match with the data obtained from the tomography re-
construction and with the projected images acquired
both in TEM and STEM mode. However, a more accu-
rate model could be created if slabs of CdSe zinc-blende
structure, which is likely to change the growth rate of
individual faces, are included in the simulation.
In conclusion, the crystallographic structure of
pyramidal-shaped CdSe nanoparticles bonded to carbon
nanotubes has been elucidated by means of HRTEM
and STEM HAADF Electron Tomography. CdSe rod-
like nanoparticles grown in solution together with carbon
nanotubes undergo a morphological transformation and
bond to the carbon surface. Electron tomography investi-
gations reveal that the nanoparticles are hexagonal-based
pyramids with the (001) planes epitaxially matched to
the carbon lattice. This work points out electron tomog-
raphy as a powerful tool to elucidate the shape and rela-
tive orientation of carbon nanotube-supported nanopar-
ticles, what is crucial to understand the formation of
more complex structures.
Experimental Section
TEM images were acquired on CM20 Philips, JEOL
JEM 1011 and CM-300 Philips microscopes. HAADF-
5FIG. 7: Simulation of the epitaxial ordering of CdSe
over graphite, showing the topmost carbon monolayer (black
atoms) and atoms of the first CdSe monolayer, Se (blue) and
Cd (yellow). Both graphite and CdSe structures are projected
through the [001] direction using Rhodius software [27].
FIG. 8: (a) Surface rendered reconstructed nanoparticle. (b),
(c) Model particle at different orientations.
STEM tomography was performed on a FEI Tecnai F20
field emission gun transmission electron microscope op-
erated at 200kV. For the tomograms shown in Figures
6 and 8, 64 images were recorded with an acquisition
time of 20 seconds every 2◦ from -56◦ to +70◦ using a
Fischione ultra-high tilt tomography holder model 2020.
The probe size was approximately 0.5 nm in diameter
and each HAADF image was recorded with a pixel size
of 0.20 nm using a Fischione high angle annular dark
field (HAADF) detector. Image acquisition was under-
taken using the FEI software package Xplore3D. Images
were then aligned sequentially using Inspect 3D. Recon-
structions, again with Inspect 3D, were performed using
either weighted back-projection (WBP) routines or an it-
erative routine (SIRT) that constrains the reconstructed
volume to match the original images when re-projected
back along the original tilt directions. This constraint
has the effect of minimising some of the unwanted effects
of the limited data sampling and greatly reduces the ’fan’
artefact that can be evident in many WBP reconstruc-
tions. Voxel projections were constructed in Inspect 3D
and surface rendering undertaken using Amira software.
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